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Songbirds share some essential traits but are extraordi-
narily diverse, allowing comparative analyses aimed at
identifying specific genotype–phenotype associations.
This diversity encompasses traits like vocal communica-
tion and complex social behaviors that are of great interest
to humans, but that are not well represented in other
accessible research organisms. Many songbirds are
readily observable in nature and thus afford unique insight
into the links between environment and organism. The
distinctive organization of the songbird brain will facilitate
analysis of genomic links to brain and behavior. Access to
the zebra finch genome sequence will, therefore, prompt
new questions and provide the ability to answer those
questions.
Introduction
Songbirds are the dominant members of the largest order of
birds on earth, the Passeriformes. Over half of the around
10,000 extant bird species are passerines, and most of these
are further classified as songbirds because they share an
additional trait: the ability to communicate via learned vocal-
izations. Songbirds are social in sophisticated ways, display-
ing features, such as monogamy and cultural inheritance,
that we often identify as important in human life. They are
adaptive, both physiologically, responding immediately to
environmental cues, and evolutionarily, inhabiting diverse
ecological niches. And they are diverse, yet related in a
lineage about as old as the mammalian radiation. These
qualities have made songbirds attractive subjects for
research in ecology, evolution, and the neurobiology of
behavior.
Now, songbirds are about to assume a new role in
genomic research. The zebra finch (Figure 1) was chosen
as the second bird species [1] for whole genome sequencing
by the National Human Genome Research Institute. The first
draft assembly of the zebra finch genome was recently
released (http://www.songbirdgenome.org) and provides
a new vantage point for interpreting the evolution of the
vertebrate genome. In addition, the zebra finch genome will
be a springboard for research in all songbird species, allow-
ing application of genome-level tools and perspectives to
a range of biological questions not well represented in the
traditional genetic model organisms. Here, we introduce
some of the most compelling features of songbird biology
such as the neural control of singing, the complex social lives
of songbirds, and the ability of songbirds to adapt to their
environments, with special emphasis on areas where the
new zebra finch genome sequence may have transformative
impact.
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Passeriformes diverged from the rest of birds about 80
million years ago (Figure 2). The phylogenetic placement of
passerines is still highly uncertain, and most recently, a novel
hypothesis that places parrots as the closest relatives of
passerines was proposed [2]. This relationship may have
implications for the genetic and neurobiological characteris-
tics associated with the evolution of vocal learning and plas-
ticity, discussed below. The radiation of oscine (suborder
Passeri) passerine birds began only about 65 million years
ago following a split of two major passerine lineages, the
oscines and suboscines (Figure 2) [3], at about the same
time when non-avian dinosaurs went extinct. Even within
the oscines, precise taxonomic relationships are still
debated [3]. All oscines are, however, believed to have arisen
in Australia, New Zealand and New Guinea. There are two
major oscine subgroups: the corvids (Corvoidea), such as
crows and jays, and the passerids (Passerida).
Passerida is a large group ofw3500 species, including the
birds commonly considered songbirds, and is the group to
which the zebra finch belongs. The term ‘zebra finch’ actually
refers to two subspecies of zebra finches present in the wild.
One, Taeniopygia guttata castanotis, ranges across essen-
tially the entire extent of Australia, and is the progenitor of
all common laboratory populations of zebra finch. The other,
T. guttata guttata, is found among the islands of the Lesser
Sundas archipelago of eastern Indonesia [4]. The two
subspecies differ in body size, bill color, plumage and vocal
characteristics [5], and are also genetically differentiated [6].
In general, songbirds share several characteristics, such
as excellent color vision [7], a high metabolic rate (body
temperaturew40C), and a small body size. The zebra finch,
for example, weighs a modest 10–15 grams. Songbirds are
altricial and require parental care after hatching. Most
species mature in less than 1–2 years, and the zebra finch
matures in only 3–4 months. The key trait that has made
oscines like the zebra finch attractive research subjects is
that they learn their vocalizations — unlike most other avian
groups, in which vocalizations are innate. Outside of birds,
there is strong evidence for vocal learning in humans and
cetaceans [8], and more limited evidence that some species
of bats [9] and elephants [10] can also learn vocalizations.
Although vocal learning may be a rare trait, among birds it
appears to have evolved independently three times, in song-
birds, hummingbirds, and parrots. A fourth possible case of
vocal learning has been suggested in three-wattled bellbirds,
Procnias tricarunculata [11], a member of the sub-oscines,
which are believed not to learn vocalizations (Figure 2). The
repeated evolution of vocal learning presents a unique
opportunity to identify important commonalities and differ-
ences in genetic control, developmental timing, and
neurophysiology.
The Genome and the Brain
In songbirds, learned vocal communication is physically
associated with evolution of a specialized vocal control
apparatus, the syrinx, and a dedicated neural system. The
syrinx, a bipartite voice box, allows songbirds to produce
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simultaneously [12]. The neural song control system is
composed of a set of distinct brain nuclei organized in two
major interconnected pathways (Figure 3). The posterior
branch is responsible for direct control of the syringeal
muscles and respiratory centers and is necessary for song
production. The anterior branch is more clearly associated
with song learning and vocal plasticity. Comparative anal-
yses suggest that the posterior circuit evolved from a
‘general motor pathway’ and the anterior circuit evolved
from a ‘cortical-basal ganglia’ pathway present in non-
oscine birds [13]. The anterior pathway in particular has
strong anatomical and functional parallels to basal ganglia
circuits involved in trial-and-error learning in mammals [14].
These parallels led to a recent revision of avian brain nomen-
clature to reflect homologies among avian and mammalian
brains [15]. The discrete telencephalic song control nuclei
are found only in oscines, although recent molecular anal-
yses have indicated striking parallels in neuroanatomy and
gene expression patterns between parrots and humming-
birds, and the oscine song control system [16–19].
The distinctive nuclear organization of the song control
system has practical advantages for neurobiological
research because its functions may be interpreted in the
context of specific circuit models and behavioral outputs.
The concentration of specific functions in discrete bounded
brain areas has undoubtedly helped researchers recognize
how behavioral change is associated with observable phys-
ical changes in particular brain areas. These changes include
the shifting of song control nuclei boundaries across the
seasons of breeding and molting [20,21], changes in the
cell size and dendritic branching patterns [21,22], the on-
going recruitment of new neurons into the song nuclei [23]
that is also influenced by the seasonal status of singing
behavior [24], and the sex-specific development of the motor
pathway [25].
Furthermore, it has been relatively easy to visualize distin-
guishing molecular features of song nuclei to show how
genomic and neural control systems are integrated. Some
of the earliest studies described the presence of steroid
hormone binding sites [26] and recently this description
Figure 1. Zebra finches.
A zebra finch male (center) flanked by two
females. Zebra finches are highly social,
maintaining lifelong monogamous pair bonds
in large colonies.
has advanced even to the level of small
fatty acids [27]. Expression of several
genes, including the immediate early
gene zenk (zif268, egr-1, ngfi-a,
krox24) is activated by both the sound
of birdsong [28] and the act of singing
[29,30], but in different components of
the song control system. Numerous
genes have been identified that are
differentially regulated within the song
nuclei (reviewed in [31]), and with the
application of microarray technologies
(e.g., [32–34]) their number is in-
creasing rapidly. By providing the
ability to capture even more genetic
diversity and expression changes, the zebra finch genome
will further our understanding of how this song control
system is dynamically regulated in real time by biologically
relevant behaviors. For example, it may soon be possible
to identify the genes that regulate the neural plasticity
required for song learning, either during one sensitive period
in development as in the case of zebra finches, or every year
in the case of seasonal learners such as canaries. With the
zebra finch genome, it should be possible to identify not
only the genes that change in their expression across condi-
tions, but also the regulatory elements that control them.
This would enable analysis of gene–gene interactions that
influence the development, function and evolution of brain
systems for vocal communication.
Songbird Vocalizations
Singing behavior, the hallmark of songbirds, is easy to
observe, record, analyze, and manipulate [35–37]. Hence
singing may represent a beachhead for both mechanistic
studies of gene function in behavior and for evolutionary
studies of variation and natural selection on behavioral
phenotypes. Songbirds produce different kinds of vocaliza-
tions for different purposes. Here, we approach all learned,
modulated vocalizations produced by songbirds as different
manifestations of a unique communicative ability – the
‘singing’ of songbirds. In some contexts, ‘song’ specifically
connotes the particular stereotyped vocalization that is
most closely associated with courtship and territorial
defense, whereas other vocalizations are often referred to
as ‘calls’. In many temperate species, primarily males sing.
If considered across all songbird species, however, the
ability of males and females to sing ranges from only one
sex singing to equally-prolific males and females singing
duets together.
The zebra finch has a limited vocal repertoire: only the
males sing, and each male learns to produce one song that
lasts only a few seconds. Each individual male, however,
sings a unique song that is rhythmic and harmonically
complex (Figure 4), and the structure of which is maintained
across the bird’s lifetime. Therefore, each male’s song is
probably essential for the individual recognition that
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Figure 2. Overview of songbird phylogeny.
Note the position of family Estrildidae (which includes the zebra finch) as one of the ‘vocal learner’ families, in contrast to the ‘non-learner’
suboscines. Some families and species from each superfamily are listed as representatives (in total there are 122 families within the five major
superfamilies of the Passerida). Drawings of a male of one species contained within the representative families are included (drawings not to
scale). Estrildidae: zebra finch (Taeniopygia guttata); Fringillidae: purple finch (Carpodacus purpureus); Icteridae: Brewer’s blackbird (Euphagus
cyanocephalus); Sittidae: red-breasted nuthatch (Sitta canadensis); Troglodytidae: winter wren (Troglodytes troglodytes); Muscicapidae: vivid
niltava (Niltava vivida); Sturnidae: European starling (Sturnus vulgaris); Paridae: yellow-cheeked tit (Parus spilonotus); Phylloscopidae: Tickell’s
leaf warbler (Phylloscopus affinis); Corvidae: western scrub jay (Aphelocoma californica); Paradisaeidae: lesser bird-of-paradise (Paradisaea
minor); Pipridae: golden-collared manakin (Manacus vitellinus); Tyrannidae: brown-backed chat-tyrant (Ochthoeca fumicolor).stabilizes mate-pairing, family-building, and the social struc-
ture of the colony. Further, while only male zebra finches
produce ‘‘song’’, both sexes produce about a dozen other
calls used in a range of contexts, including nest building,
conflict, sexual behavior, and close localization [4]. Thus, in
spite of the limited song repertoire of the male zebra finch,
vocalizations still make a major contribution to the complex
social behaviors that zebra finches display.
Still, other species are much more prolific singers (Figure 4;
reviewed in [38]). The northern mockingbird Mimus polyglot-
tos repertoire consists of 100–200 different songs, requiringhalf an hour of continuous singing to complete. The winter
wren Trogolodytes trogolodytes produces complex songs
that last up to 20 seconds per bout. The hermit thrush
Cathartus guttatus sings long sequences of different songs,
each one in the series chosen apparently for contrast to the
previous one. The brown thrasher Toxostoma rufum coordi-
nates the two sides of his syrinx to sing in couplets, and
produces them literally by the thousands: in one example
a single bird produced 4653 couplets in one two-hour period.
Although many songbird vocalizations are undoubtedly
reflexive, some vocalizations clearly have semantic content
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cile atricapilla, produce mobbing calls when challenged by
a predator, and the acoustic structure of the mobbing call
is varied to communicate the size of the predator [39]. Their
‘‘chick-a-dee-dee-dee’’ call is used in many different ways
with different meanings, and has been likened to human
language [40]. European starlings, Sturnus vulgaris, can
form open-ended song categories [41] and may use gram-
matical rules in processing sequences of song elements [42].
Apart from the intrinsic interest and its significance for
evolutionary biology, birdsong also has an immediate appli-
cation in biomedicine as it represents the best and perhaps
only viable animal model of complex human-like vocal
communication [43–45]. Thirteen percent of Americans
(roughly 36.5 million people) struggle with communicative
disorders; stuttering, for example, affects Americans with
a prevalence of 1% and has a strong genetic component,
e.g., [46]. The zebra finch specifically has been proposed
as an animal model for the study of stuttering [47]. A number
of other heritable syndromes have major effects on vocal
communication systems including autism, Parkinson’s
disease and Fragile X syndrome [48]. Using genome
sequence as a bridge, it may become possible to use song-
birds to test specific molecular hypotheses and therapies for
these human disorders. Indeed, enticing parallels between
expression patterns of a gene called FoxP2, implicated in
speech-related disorders in humans, have been described
in the brains of humans and songbirds [49].
The Interaction of Nature and Nurture
Songbirds provide some of the best demonstrations in non-
human animals of how early social experience influences
behavioral development. The underlying mechanisms are
not fully understood, but almost surely involve the deploy-
ment of different gene products according to social experi-
ence and developmental state, and may also involve epige-
netic modification of the genome (e.g., [50]). Here again,
singing provides a specific focal point for behavioral
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Figure 3. Core elements of the ‘song circuit’.
Several brain centers responsible for the
production of learned vocal signals in song-
birds are shown. Red lines indicate the motor
output pathway, descending from the nucleus
known as HVC (used as a proper name) to the
robust nucleus of the arcopallium (RA). Blue
lines indicate an anterior forebrain loop
needed for song learning, which begins with
projections from a distinct set of neurons in
HVC to a specialized region within the basal
ganglia known as Area X. Area X projects to
the medial dorsolateral nucleus of the anterior
thalamus (DLM), which projects back up to
the lateral portion of the magnocellular
nucleus of the anterior nidopallium (LMAN).
LMAN projects back onto neurons in RA that
also receive input from HVC; this projection
also sends collaterals to Area X.
analysis. Because songbirds are altri-
cial, singing behavior and its control-
ling neural circuit do not develop until
well after the bird has hatched. Thus,
singing behavior can be modified by
social experience, and changes in the
song control system are easy to observe against the back-
drop of an otherwise relatively mature brain. This is a major
advantage for uncovering genomic elements that may
contribute to song.
The ontogeny of song has been studied most thoroughly in
lab-reared zebra finches [51,52]. In zebra finches, develop-
mental song learning begins around 30 days after hatching,
when the bird begins to form a sensory memory of a tutor’s
song. Both the anterior forebrain pathway and the auditory
forebrain, which responds to song stimulation in adult birds,
have been implicated in this process [53,54]. Between days
25 and 30 in male zebra finches, the motor pathway develops
and birds begin to produce immature song-like sounds. Over
the next month, young birds practice their vocal perfor-
mance, and it comes to resemble closely the acoustic
structure of the tutor song that they memorized. By sexual
maturation, at around 90 days of age, song learning is
complete and birds produce a stereotyped song that will
be their trademark throughout life. In the zebra finch, the
ability to memorize a tutor song ceases before sexual matu-
ration. However, the timing of song development is subject
to at least some modification based on social experience;
birds reared in isolation can incorporate elements of tutor
songs they eventually hear as adults, unlike birds who were
reared in their normal social environment [54,55].
The boundaries of the song learning period are also appar-
ently sensitive to genetic factors, as some species retain the
ability to incorporate new elements into song during adult-
hood. Among domesticated birds, the canary Serinus cana-
ria is an ‘open learner’ because it may add and subtract new
song elements each breeding season [56]. Open learning is
even more clearly evident in some wild species such as the
northern mockingbird Mimus plyglottos, who learns new
songs each year and readily mimics sounds of other species
(or even jet planes and washing machines) [38].
Brood parasitic species illustrate the complex interplay
between genetic and experiential components of song
learning. About 25 songbird species are obligate brood
Review
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several songbird species.
(A) Songs of three unrelated male zebra
finches. Each zebra finch sings a unique
song, observable by the distinct structure of
each song element, or syllable, and by the
ordering of those syllables. Note the typical
‘harmonic stack’ structure to the songs
(visible as alternating black and white hori-
zontal bars), individual variation in syllable
structure, number of syllables, and total dura-
tion of song. (B) Canary song featuring pure-
tone like syllables, syllable repetition, a multi-
tude of different syllables, and a long song
duration. (C) Tonal whistles of the northern
cardinal, a species in which both sexes sing.
(D) Song sparrow song highlighting syllable
diversity; tones and harmonic stacks are
visible. Elements can be repeated, and there
are several types of syllables that comprise
the song. (D) Songs of brood parasitic
Cameroon indigobirds. There are two types
of song: ‘non-mimicry’ songs, which are indi-
gobird-specific, and ‘mimicry’ songs, which
have syllables that are copied from the host
species song. Note that the conspecific non-
mimicry song is more complex than the
mimicry song; it is composed of several
distinct syllables types, many with rapid
frequency modulation, and is longer in dura-
tion than the mimicry song.parasites and parasitic behavior appears to have evolved
independently twice in passerines [57]. A familiar North
American example is the brown-headed cowbird, Molothrus
ater. Cowbirds parasitize more than 200 different host
species, laying eggs in the host species nests so that young
cowbirds are raised without exposure to their own species-
typical behavior. It is not until fledging that cowbirds join
a flock of other cowbirds. Then, the male cowbird learns
his species-specific song from social interactions within
the flock [58–60], guided by behavioral responses from
females to whom they sing [61]. In other words, a male
develops a species-specific song that is partly influenced
by conspecific females even though the early auditory expe-
rience of both birds was in the nests of other species.
Another group of brood parasites, the African indigobirds
(Vidua sp.), actually incorporate elements of host song into
their song repertoire (Figure 4) [62].
Genomics of Sociality
Song is fundamentally a social behavior. Birds produce
different vocalizations in different social contexts and they
modify their responses to songs they hear based on their
social interactions with the singer. Songbird species vary
on multiple axes of sociality, for example, from colonial to
territorial.
In territorial species, singing reveals exquisite sensitivity to
the context of social interactions. A classic example is the
song sparrow Melospiza melodia in western North America.
Each male learns the songs of his neighbors and uses them
in a subtle process of recognition, aggression and defer-
ence. Early in the breeding season, when territorial competi-
tion is intense, he responds to a specific neighbor by singing
back the same song his neighbor just sang (‘type matching’),which acts as an aggressive signal. Later, once territorial
boundaries are established, he responds by singing back
a different element of that neighbor’s particular song reper-
toire. This ‘repertoire matching’ implies recognition and
reduces aggression. Significantly, he never responds to his
neighbor with a song that is not in both birds’ repertoire
[63,64], a clear demonstration that birds can control the
type of vocal behavior to appropriately suit the specific
social context.
In contrast, zebra finches are colonial, with no known terri-
torial function for song. Instead, song is used by zebra
finches on a daily basis to recognize mates, kin and poten-
tially other members of the colony [4]. Mate recognition is
important for maintenance of the male–female pair bond,
which is considered monogamous and stable throughout
life. Fledglings recognize their parents by their vocalizations
and preferentially associate with their siblings, who tend to
sing similar songs [65]. Zebra finches are aware of more
than just their mates and family members — they also appear
to be acute observers of broader social contexts. A female
zebra finch may be influenced by the choices of other
females when selecting her mate [66]. Males pay attention
to the mating status of other conspecific pairs, and use this
information to control their behavior towards their own
female partner. This sensitivity to social relationships is
comparable to that demonstrated by social mammals such
as primates [67].
Amongst the family of estrildid finches (Estrildidae), to
which zebra finches belong, there is variation in social orga-
nization structures that may have genetic correlates [68–70].
For example, zebra finches and spice finches, Lonchura
punctulata, are gregarious and colonial (living in groups of
at least 100 individuals). At the other pole, the violet-eared
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melba, are highly territorial. The Angolan blue waxbill,
U. angolensis, is an intermediate social phenotype; these
birds are social during the breeding season, nest in a semi-
colonial manner, and form small feeding flocks. Among these
species a number of molecular measures, including neuro-
peptide receptors and immediate early gene responses,
differ in specific brain areas associated with control of social
behavior. These differences correlate with the degree of
sociality displayed by the species. The zebra finch genome
sequence may, therefore, serve as a common reference
and nucleation point for comparative studies of genome
and social structure within a single family.
The genome has already been linked to songbird sociality
at multiple levels. Song perception [28] and song production
[29,30] are associated with dynamic changes in gene expres-
sion in the brain that differ with the social and perceptual
context in which the experience occurs [71–75]. Hence,
social context influences the readout of the genome.
Conversely, species differences in social behavior are likely
to arise from genomic differences. Perhaps the starkest
example is seen in the white-throated sparrow, Zonotrichia
albicollis, in which there are two distinct morphs that differ
in both plumage and behavior. Birds of the ‘‘tan’’ morph
invest more in parental care, whereas the ‘‘white’’ morph
invests more in territorial and sexual aggression [76]. These
differences are correlated with a pair of nested chromosomal
inversions spanning 98 megabases that appears to be
around two million years old [77,78]. The inversion
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Figure 5. Genome–brain–behavior relationships.
The genome influences behavior of individuals indirectly by encoding
proteins and RNAs, which are components of cells and circuits, which
make up the neural systems responsible for behavioral control. Indi-
vidual behavior is subject to natural selection, leading over generations
to the establishment of gene sequences associated with successful
behavioral phenotypes. Environment affects behavior in physiological
time via the responses of neural systems, and it affects the genome in
evolutionary time as a component of natural selection. Physiological
processes can lead to epigenetic modifications of the genome. An
individual’s environment includes the behavior of other interacting
individuals. Social organization emerges out of the behavioral interac-
tions of individuals.polymorphism is maintained in the population through disas-
sortative mating (each morph prefers to breed with the oppo-
site morph) and through the effects of recombination
suppression within the inversion. Analysis of the chromo-
somal inversion may lead to identification of gene sequences
that differ in the two morphs, and that correlate with both
the plumage and behavioral differences. The zebra finch
genome has already been an invaluable reference for tar-
geted analysis of specific chromosomal domains identified
in the white-throated sparrow [78], and will enable the iden-
tification of biologically-relevant genomic changes in other
passerines.
Adaptation to Natural and Artificial Environments
Songbirds are exquisitely sensitive to their environments,
and are even used as sentinels for environmental integrity
on both local and global scales (e.g., [79]). If individual song-
birds are notably sensitive to their environments, as a group
they are also notably adaptable to them. The relative ease
with which laboratory and field biology can be integrated in
songbirds has made them major subjects for study of how
environmental factors influence physiology and behavior,
ultimately through effects at the level of the genome
(Figure 5). For example, in western North America are
different populations of the white-crowned sparrow,
Zonotrichia leucophrys. The populations differ in corticoste-
roid-binding globulin proteins and in stress-induced free
corticosteroid levels, adaptations hypothesized to maximize
reproductive success for different breeding season dura-
tions [80]. Another classic example is the rapid evolution of
species-specific beak morphologies in Darwin’s finches
(Geospiza sp.), now explained in part through variations in
expression of calmodulin and bone morphogenic proteins
(reviewed in [81]).
The zebra finch genome will greatly facilitate studies
aimed at linking genetic and phenotypic changes in birds.
For example, zebra finches have been artificially selected
for high or low corticosterone responses to a mild stressor
[82]. Over the first four generations of the experiment, the
high lines demonstrated a significant realized heritability of
about 20%. Ironically, selection for birds with low responses
to stress was confounded by the apparent adaptation even
of the control lines to the housing environment (with
concomitant reduction of control line stress responses).
Among captive zebra finches basal metabolic rate also
appears to be heritable and hence subject to natural selec-
tion [83,84]. Song is itself a quantifiable behavior; thus,
a genetic basis for song learning abilities may be identified
with approaches such as selective breeding.
Status and Future of Songbird Genomics
An initial assembly and annotation of the zebra genome draft
sequence has recently been released, with characterization
of the preliminary assembly ongoing. The zebra finch
genome comprises about 1.2 billion base pairs organized
into 7 macrochromosome pairs, 32 pairs of microchromo-
somes, and the Z and W sex chromosomes. The genome
sequence was derived from the DNA of a single male zebra
finch from an aviary maintained at the University of Califor-
nia, Los Angeles. Like the chicken, the zebra finch has a
more compact genome than mammals, supporting the
conclusion that birds generally have the smallest and least
variable (in terms of size) genomes among vertebrates
(e.g., [85]). Analysis of the zebra finch genome assembly
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the chicken genome assembly.
The primary genome assembly will be complemented by
other sequencing resources already developed or under
development in the research community. These include
several BAC libraries and EST sequencing projects, which
will provide information for annotating the genic organization
of the genome. Three independent groups initiated EST
databases of sequences expressed in the zebra finch brain
and the sequences from all three sources have now been
merged into a single master database (http://www.uiuc.
edu/goto/songbird). New cDNA (house finch Carpodacus
mexicanus [86]), cosmid (red-winged blackbirds [87]), BAC
(Emu [88]), and small-insert genomic libraries (e.g., estrildid
finches, Poephila spp. [89], and the red-backed fairywrens,
Malurus melanocephalus [90]) have also been recently
reported.
In addition to a primary draft of the genome itself, the
genome sequencing project will provide or stimulate the
development of other resources that will be useful for
comparative genomics. Even though the genome of only
a single bird is being sequenced, it will still provide a collec-
tion of mapped single nucleotide polymorphisms (SNPs)
because of diploidy. To date, the genetic structure of song-
bird populations has been studied predominantly by the
use of the mitochondrial DNA and microsatellite sequences,
but these approaches are inherently limited [91,92]. Zebra
finch genomic resources have already facilitated the devel-
opment of large panels of nuclear markers for population
genetics and systematics (e.g, [6,93]), a change that will
promote the use of powerful new statistical approaches to
population and phylogenetics (reviewed in [94]).
The genome sequence will also be useful as a template for
production of comprehensive DNA microarrays that can be
used for both gene expression studies and for comparative
genomic hybridizations (CGH) to test for changes in gene
copy number and genome organization. Initial results
applying zebra finch cDNA microarrays to studies in other
species are promising [95–97], although careful interpreta-
tion of cross-hybridization experiments is of course critical
[98]. An even more promising approach will be to use
sequence data obtained directly from other species using
the new generation of sequencing technologies [99]. Soon,
it will be possible to map direct sequencing results onto
the zebra finch genome assembly, a clear advance in the
ability to investigate all songbirds in a more powerful way
than ever before.
Conclusion
Songbirds have long been of interest to taxonomists for their
diversity, to ethologists for their complex behaviors, and to
lay people for their natural beauty and engaging vocaliza-
tions. Neurobiologists have made great progress elucidating
the brain circuits underlying vocal communication in song-
birds. Assembly of the zebra finch genome now brings
a new set of questions, perspectives and tools, making song-
birds even more compelling as models for probing the links
between gene, brain, behavior, environment and evolution.
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